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THYMIDYLATE SYNTHASE GENE AND METASTASIS 

[01] This application claims priority to provisional Application Ser. No. 
60/541,942 filed February 6, 2004. 

[02] This invention was made using funds from National Institutes of Health grants 
CA43460, CA57345, and CA62924. The U.S. government therefore retains 
certain rights in the invention 

TECHNICAL FIELD OF THE INVENTION 

[03] This invention is related to the area of cancer. In particular, it relates to 
diagnostics, therapeutics, and drug discovery for cancer. 

BACKGROUND OF THE INVENTION 

[04] Since its introduction over four decades ago, 5-FU has become a staple of 
treatment for many cancers. In particular, it is the mainstay of 
chemotherapeutic regimens for colorectal cancers, both in metastatic and 
adjuvant settings (1). Metabolites of 5-FU and other fluoropyrimidines 
irreversibly inhibit thymidylate synthase (TYMS, Online Mendelian 
Inheritance in Man (OMIM) reference number 188350), the enzyme normally 
responsible for conversion of deoxyuridine monophosphate to deoxythymidine 
monophosphate (2). As this process generates the sole de novo source of 
thymidylate, an essential precursor to DNA synthesis, inhibition of TYMS 
leads to DNA damage and blocks DNA replication and repair. In addition to 
its effects on DNA, metabolites of 5-FU can be incorporated into RNA, 
thereby disrupting normal RNA processing and function. 

[05] Although many colorectal cancer patients initially respond to 5-FU based 
therapies, most develop recurrences and are usually treated with 5-FU in 
combination with other drugs such as oxaliplatin (3, 4) or irinotecan (5). A 
subset of patients respond to such therapy, but in a variable and unpredictable 
manner. Despite significant research on the effects of 5-FU on cancer cells in 
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vitro (2, 6-9), the molecular mechanisms underlying the development of 5-FU 
resistance in patients remain largely unknown. High TYMS protein or mRNA 
levels in tumors as determined by immunohistochemistry or RT-PCR has 
tended to be associated with a worse response to 5-FU in patients (10, 11). 
However, some reports have shown the opposite, i.e., that patients with high 
TYMS protein expression have improved outcome compared to those with 
low expression when treated with 5-FU (12). Additionally, measurement of 
TYMS protein expression in primary tumors does not aid in predicting 
outcome or response to 5-FU at sites of metastatic disease (13, 14). 
Alterations in levels of enzymes affecting 5-FU metabolism, including 
thymidine phosphorylase (TP) and dihydropyrimidine dehydrogenase (DPD), 
have also been postulated to affect 5-FU resistance. Overexpression of TP 
protein has been reported to increase sensitivity to 5-FU (15), while elevated 
levels of DPD mRNA have been associated with resistance (16). However, 
these correlations are also controversial, as some studies have shown that 
increased levels of TP mRNA were found in tumors that were less likely to 
respond to 5-FU (17), while others have reported that DPD and TP protein 
levels have no effect on patient survival (18). 

[06] Though levels of protein and RNA expression can provide clues to causal 
events during tumorigenesis, gene expression is difficult to measure accurately 
for technical reasons and may be affected by complex regulatory circuits 
specific to each tumor's environment. In contrast, genetic alterations can 
provide unambiguous information about pathogenetic mechanisms. For 
example, genetic alterations of the p53 gene provided critical clues to its 
pathogenic role that were not anticipated from prior measurements of p53 
protein expression levels (19). Similarly, genetic mutations and gene 
amplification of the BCR/ABL gene in patients refractory to therapy with 
Gleevec have provided unique insights into the mechanisms underlying 
resistance to this tyrosine kinase inhibitor (20, 21). Unfortunately, previous 
genetic studies on 5-FU resistance have been limited to analyses of the 
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development of chemoresistance in vitro (2, 6-9) or to a small number of 
patient case reports (22, 23). 

[07] Based on above genetic precedents and the lack of a systematic study of 5-FU 
resistance in human cancer, we have undertaken a comprehensive genomic 
analysis of 5-FU resistance in colorectal cancer using digital karyotyping (DK) 
(24). DK permits high resolution analyses of copy number alterations on a 
genome-wide scale. The approach involves isolation and high-throughput 
analysis of short (21 bp) sequence tags from -800,000 specific loci distributed 
throughout the genome. Analysis of sequence tag densities in sliding windows 
throughout each chromosome allows identification of potential amplifications 
and deletions at high resolution. Our analysis represents a systematic genetic 
examination of resistance to 5-FU in vivo, convincingly identifying TYMS 
gene amplification as a major determinant of 5-FU chemoresistance of human 
cancers. 

[08] There is a continuing need in the art to refine the management of cancer 
patients. Tools for stratifying patients to make better therapeutic decisions 
could improve anti-tumor response and decrease unnecessary side effects. 

SUMMARY OF THE INVENTION 

[09] A first embodiment of the invention is a method for categorizing patients who 
have been treated with 5-FU. A copy number of a gene encoding thymidylate 
synthase is determined in tumor tissue of a patient who has been treated with 
5-FU. The patient is assigned to a first category if the patient has a 
hyperdiploid copy number. The patient is assigned to a second category if the 
patient does not have a hyperdiploid copy number. 

[10] A second embodiment of the invention is a method of screening agents for 
ability to treat 5-FU resistant tumors. A test agent is contacted with (1) first 
human cells having a hyperdiploid copy number of thymidylate synthase; and 
(2) second human cells having a diploid copy number of thymidylate synthase. 
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A parameter is determined for each of the first and second human cells. The 
parameter is selected from the group consisting of: apoptosis, growth rate, 
viability, and colony number. The test agent is identified as a candidate for 
treating 5-FU resistant tumors if the test agent preferentially increases 
apoptosis or decreases growth rate, viability, or colony number in the first 
human cells relative to the second human cells. 

[11] A third embodiment is a method of assessing agents for ability to treat 5-FU 
resistant tumors. A test agent is contacted with (1) a first population of 
humans having a tumor with a hyperdiploid copy number of thymidylate 
synthase gene, and (2) a second population of humans having a tumor with a 
diploid copy number of thymidylate synthase gene. A parameter for each of 
the first and second populations is determined. The parameter is selected from 
the group consisting of: tumor regression, tumor marker decrease, and clinical 
condition. The test agent is identified as a candidate for treating 5-FU resistant 
tumors if the agent preferentially or equally increases tumor regression, tumor 
marker decrease, or improves clinical condition in the first human population 
relative to the second human population. 

[12] These and other embodiments which will be apparent to those of skill in the 
art upon reading the specification provide the art with methods for 
stratification, prognosis, therapy, and drug screening pertaining to cancer 
patients that have been treated with 5-fluorouracil. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[13] Figure 1 . Overlapping regions of amplification on chromosome 1 8p identified 
by digital karyotyping. Bitmap views comprised of 18,431 pixels representing 
tag density values at the chromosomal position of each virtual tag on 
chromosome 18. Yellow regions indicate tag densities that were not 
amplified, while black regions represent areas with genomic tag densities 
indicating amplification. Genomic tag densities were determined as described 
in Experimental Procedures and had maximal values of 10 and 6 copies per 



diploid genome for the amplifications in FU-M2 and FU-M4, respectively. 
Genes present within overlapping amplified regions are indicated below on a 
high resolution map. Only TYMS and rTS were entirely contained within the 
regions that were amplified in both FU-M2 and FU-M4. 

[14J Figures 2A-2D. Quantitative PCR analysis of genomic DNA from colorectal 
metastases. Quantitive PCR analysis of TYMS (right curves) and LINE 
element control (left curves) performed on genomic DNA from colorectal 
cancer metastases (Fig. 2A) FU-M2 and (Fig. 2B) FU-M4, and (Fig. 2C) 
normal (non-tumor) DNA. (Fig. 2D) Differences in threshold cycle numbers 
between LINE element and TYMS confirm that TYMS is present at increased 
gene copy numbers in colorectal metastases. 

[15] Figures 3A-3C. TYMS amplification in 5-FU resistant cancers. FISH analysis 
of interphase nuclei from (Fig. 3 A) 5-FU resistant colorectal cancer metastasis 
to the liver, and matched (Fig. 3B) colorectal adenoma obtained prior to 5-FU 
treatment and (Fig. 3C) colorectal cancer from a patient with FAP after 5-FU 
neoadjuvant therapy. Nuclei are visualized with 4',6'-diamidino- 
2phenylindole stain (DAPI) (blue), TYMS probe (located on chromosome 1 8 
position 0.8-1.0 Mb from the telomere) is visualized using FITC-avidin 
(green), and chromosome 18 control probe (located on chromosome 18 
position 13.0-13.2 Mb from the telomere) is visualized using TRITC- 
conjugated antibodies (red). Increased TYMS gene copy number was only 
observed in 5-FU resistant cancers. 

[16] Figure 4. Five year survival curve for patients with and without TYMS 
amplification. 
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DETAILED DESCRIPTION OF THE INVENTION 

[17] The inventors have developed a test for determining appropriate treatment and 
prognosis for patients with rumors that have previously been treated with 5- 
FU. A subpopulation of such patients have genomic amplification of a region 
of chromosome 1 8p that contains the thymidylate synthase gene. Patients that 
have this genomic amplification in their tumors have a significantly shorter life 
expectancy than patients that do not. Moreover, the tumors of patients with 
this genomic amplification are refractory to the beneficial effects of 5-FU. 
Thus this subpopulation of patients should not be treated with 5-FU in order to 
eliminate unnecessary toxicity. 

[18] Copy number of the gene encoding thymidylate synthase can be determined 
by any technique known in the art. Copy number can, for example, be 
determined using quantitative PCR, digital karyotyping, FISH (fluorescence in 
situ hybridization) or Southern blotting. Reliable and sensitive quantitative 
methods are preferred. A hyperdiploid copy number (3 or more copies per 
diploid genome) can be determined with respect to any other gene or genes 
which are present at the diploid number of copies. Because many cancer cells 
are aneuploid, the copy number of the TYMS gene may be compared to the 
copy number of another gene on chromosome 1 8 or chromosome 1 8p. Such a 
comparison will distinguish between tumors where all of chromosome 1 8 or 
18p is present in a hyperdiploid number and tumors which have a hyperdiploid 
complement of chromosome 1 8 or 1 8p. The local genomic amplification may 
be quite pronounced, with copy numbers of the TYMS gene greater than 6, 8, 
10, 12, or 14 per diploid genome in tumor tissue of a patient who has been 
treated with 5-FU. 

[19] Stratification of patients is useful for determining both a therapeutic plan and 
life expentancy. Patients may be assigned to two or more groups based on the 
copy number of the TYMS gene. A patient with a hyperdiploid number 
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should not be treated with 5-FU or other therapeutic agent which inhibits TS. 
A patient without the genomic amplification can be treated with 5-FU. 

[20] Life expectancy predictions can be used to make a number of decisions. Such 
predictions can influence choices of therapy, as well as whether to have certain 
treatments or not. For example, the choice to undergo or forego elective 
surgery, experimental therapy, or palliative therapy may be influenced by life 
expectancy. Patients may choose to retire or take disability leave based on life 
expectancy predictions. Patients may decide to use hospice care based on such 
predictions. Patients may establish legal documents to govern their care if 
they are incapacitated based on life expectancy predictions. Patients may write 
or change a will based on life expectancy predictions. Thus such predictions 
can have multiple ramifications for the patient and the family, beyond the issue 
of use of 5-FU. Clinicians may choose not to deliver life expectancy 
predictions directly to patients or their families, but may instead make 
suggestions about one or more of these ramifications based on the life 
expectancy prediction. 

[21] Tumor tissue is often heterogeneous, comprising cells of a number of different 
types, including both neoplastic and non-neoplastic cells. In order to make 
determination of copy number more accurate, steps can be taken to obtain a 
cell sample which is predominantly neoplastic. Tumor epithelial cells of the 
metastatic tumor tissue are desirably used for the cell sample. Such cells can 
be purified away from other cells by any technique known in the art, including 
immunopurification. One such immunopurification employs anti-BerEP4 
immunomagnetic beads available from Dynal, Oslo, Norway. Any other 
technique known in the art for separating neoplastic from non-neoplastic cells 
can be used. Primary tumors, recurrent tumors, or metastatic tumors can be 
tested according to the present invention. 

[22] 5-FU is used inter alia to treat cancers of the colon, breast, stomach, head and 
neck, anus, skin, and pancreas. In addition, it is used to treat metastases 
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including lung and liver metastases. Metastases from any of these organs or 
others can be tested in the classification method of the present invention. 

As described above, a subset of metastases are resistant to 5-FU due to 
genomic amplification. Cells with such amplification can be used to discover 
new drugs which might be used on such resistant tumors. Test agents may 
include substances or compositions which are synthetic, semi-synthetic, or 
natural products. Test agents may be novel compounds or compositions or 
known compounds or products. A test agent which has potential as a useful 
drug for treating 5-FU resistant metastases can be identified by observing 
effects on human cells which have a hyperdiploid copy number of thymidylate 
synthase gene and human cells which have a a diploid copy number of 
thymidylate synthase gene. The effect can be observed on apoptosis, growth 
rate, viability, or colony number. Those of skill in the art know how to 
measure these parameters. A test agent can be identified as a candidate for 
treating 5-FU resistant tumors if the agent preferentially or equally increases 
apoptosis or decreases growth rate, viability, or colony number in the 5-FU 
resistant human cells relative to the 5-FU sensitive human cells. The cells 
used in the test may be tumor cells or cells which are genetically engineered so 
that one of them contains the desired amplification. The two types of cells 
used can be taken from the same patient or different patients. Similar tests can 
be conducted on patients stratified by the presence or absence of amplification 
of TYMS in their tumors. The effect of a test agent can be observed by any 
criterion known in the art. These include tumor regression, tumor marker 
decrease, and clinical condition including life span. 

The results described below in the examples demonstrate a significant 
association between treatment with 5-FU, amplification of the TYMS gene, 
and survival following surgical excision of metastatic lesions. These 
observations have significant implications for basic and clinical aspects of 
human cancer. 
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[25] Drug resistance is a major cause of treatment failure and death in cancer 
patients. But the basis for drug resistance in such tumors is generally 
unknown. There have been numerous reports of mechanisms underlying the 
development of drug resistance in cell culture systems. For example, 
expression of multi-drug resistance (MDR) genes can confer resistance to 
drugs in vitro (31, 32), but the relationship of such expression to the 
development of resistance in vivo remains conjectural. Similarly, the 
dihydrofolate reductase (DHFR) gene is commonly found to be amplified after 
treatment of cultured cells with methotrexate (33), but there are only a few 
case reports of gene amplification occurring in the tumors of cancer patients 
after exposure to conventional chemotherapeutic agents in vivo (22, 34, 35). 

(26] There are two examples of gene amplification developing in patients treated 
with targeted therapies, and both are informative with respect to 5-FU. The 
first involves androgen receptor mutations in prostate cancer patients treated 
with anti-androgens (36). The second involves genetic alterations (often 
amplification) of the BCR/ABL fusion gene in chronic myelogenous leukemia 
(CML) patients treated with Gleevec (20, 21). Gleevec inhibits several 
tyrosine kinases in addition to BCR/ABL (37). However, the specific genetic 
alterations of BCR/ABL that develop during treatment unambiguously point to 
the BCR/ABL gene as the central drug target in CML. Similarly, many 
potential mechanisms of action of 5-FU have been suggested (8, 38, 39). But 
the amplification of the TYMS gene following 5-FU treatment in vivo 
provides compelling evidence that TYMS is a major target of this drug in 
human cancer patients. 

[27] The fact that TYMS amplification was only observed in patients after 
treatment with 5-FU suggests that the cancers must pass through a bottleneck 
that effectively kills the vast majority of cancer cells (those without TYMS 
gene amplification) in these patients. Our observations, coupled with the 
experimental demonstration that engineered overexpression of TYMS in 
cultured cells can cause 5-FU resistance (40), provide compelling evidence 
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that TYMS amplification is responsible for a significant fraction of 5-FU 
resistance. 

[28] The considerably worse survival of patients with TYMS amplification 
compared to similar patients without TYMS gene amplification (Table 2 and 
Fig. 4) is consistent with the conclusion that the amplification of this gene is 
responsible for 5-FU resistance. Though the reasons for the reduced survival 
are not known with certainty, patients whose tumors recur following 
metastectomy are generally treated with regimens containing 5-FU. In our 
patient population, the majority of patients received 5-FU alone or in 
combination with other chemotherapeutic agents following removal of 
metastases (data not shown). The 5-FU component of such regimens would 
not likely be of benefit in patients with TYMS gene amplification but would 
be expected to cause the same degree of systemic toxicity observed in patients 
without TYMS gene amplification, potentially explaining the worse survival 
of these patients. 

[29] In addition to TYMS amplification, it is possible that other genetic 
mechanisms of resistance are present in patients with clinical resistance to 5- 
FU. It is important to note that not all patients without TYMS amplification 
had longer survival times, and in fact several patients had extremely short 
survival periods following surgical resection. Such mechanisms of resistance 
could include genetic modification of other members of the TYMS pathway, 
including TP or DPD, or candidate genes within previously described loci 
affected by 5-FU in vitro (8, 41). 

[30] Though larger, prospective studies will be important to confirm the present 
findings, our results have clear implications for the management of colorectal 
cancer patients. In particular, our data suggest that recurrences in patients 
whose biopsies show TYMS gene amplification should not be treated with 5- 
FU. Many of the newer second-line therapies undergoing clinical trials 
involve combinations of 5-FU with other agents. In patients with TYMS gene 
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amplification, the 5-FU would likely add toxicity without efficacy. TYMS 
gene amplification is straightforward to detect using the probes and methods 
described in this paper, and can be performed on routinely fixed and paraffin- 
embedded samples. In addition to eliminating the 5-FU from regimens that 
would ordinarily use it, these results should stimulate efforts to develop 
compounds that specifically target cancers with amplified TYMS genes (42) 
and provide an ideal subset of patients in which to test such agents. 

[31] The above disclosure generally describes the present invention. All references 
disclosed herein are expressly incorporated by reference. A more complete 
understanding can be obtained by reference to the following specific examples 
which are provided herein for purposes of illustration only, and are not 
intended to limit the scope of the invention. 

EXAMPLE 1- Materials and Methods 
Tissue Samples 

[32] Tissue samples, including normal tissues, primary tumors, and metastases 
were obtained from colorectal cancer patients undergoing surgery at the Johns 
Hopkins Hospital between 1990 and 2002. A diagnosis of colorectal cancer 
was established by histological examination of surgical specimens and clinical 
information was retrospectively retrieved from patient records. Acquisition of 
tissue specimens and examination of clinical records was approved by an 
institutional review board and was performed in accordance with HIPAA 
regulations. Metastatic samples were obtained from complete resections, 
debulking, or biopsies of metastatic lesions. 

Tumor cell purification of liver metastases 
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[33] Tumor cells were purified from liver metastases as previously described (25). 
Briefly, tissues were obtained immediately following surgical removal and 
digested with 1 mg/ml collagenase for 1 hour at 37°C. Single cell suspensions 
were obtained by sequential filtering through nylon mesh of 400 urn, 50 jam, 
and 25 um. Epithelial cells were isolated by binding to anti-BerEP4 
immunomagnetic beads (Dynal, Oslo, Norway) and the purified cells were 
immediately frozen at -80°C. 

Digital karyotyping 

[34] Digital karyotyping libraries were constructed as previously described (24). 
Briefly, genomic DNA was isolated using a DNeasy kit (Qiagen, Chatsworth, 
CA). For each sample, 1 ug of genomic DNA was sequentially digested with 
mapping enzyme Sad (New England Biolabs, Beverly, MA), ligated to 20-40 
ng of biotinylated linkers (Integrated DNA Technologies, Coralville, IA), and 
digested with the fragmenting enzyme Nlalll (New England Biolabs, Beverly, 
MA). DNA fragments containing biotinylated linkers were isolated by binding 
to streptavidin-coated magnetic beads (Dynal, Oslo, Norway). Captured DNA 
fragments were ligated to linkers containing Mmel recognition sites, and tags 
were released with Mmel (New England Biolabs, Beverly, MA). Tags were 
self-ligated to form ditags which were then further ligated to form concatemers 
and cloned into pZero (Invitrogen, Carlsbad, CA). Clones were sequenced 
using Big Dye terminators (ABI, Foster City, CA) and analyzed using a 384 
capillary automated sequencing apparatus (Spectrumedix, State College, PA) 
or with a 96 capillary ABI 3700 instrument at Agencourt Biosciences (Beverly, 
MA). Digital karyotyping sequence files were trimmed using Phred sequence 
analysis software (CodonCode, MA) and 21 bp genomic tags were extracted 
using the SAGE2000 software package. Tags were matched to the human 
genome (UCSC human genome assembly, June 2002 freeze) and tag densities 
were evaluated using the digital karyotyping software package. Genomic 
densities were calculated as the ratio of experimental tags to the number of 
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virtual tags present in a fixed window. Sliding windows of sizes ranging from 
100 to 300 virtual tags were used to identify regions of increased and 
decreased genomic density. Chromosomal regions were considered to contain 
an amplification if maximal genomic densities were >6 genome copies per 
diploid genome. Digital karyotyping protocols and software for extraction and 
analysis of genomic tags are available at http://www.digitalkaryotyping.org. 

Quantitative PCR 

[35] Genome content differences between metastatic tumors and normal liver cells 
were determined by quantitative real-time PCR using an iCycler apparatus 
(Bio-Rad, Hercules, CA) as previously described (24). DNA content was 
normalized to that of Line-1, a repetitive element for which copy numbers per 
haploid genome are similar among all human cells. PCR primers with the 
following sequences 

TYMS-F: 5 '-TTTTCGA AG AATCCTGAGCTTTG-3 ' (SEQ ID NO: 1) and 

TYMS-R 5 ' -C ACTCTCG ATCTGTGC AAG AG AA-3 ' (SEQ ID NO: 2) 

were used to amplify a portion of the TYMS gene located at chromosome 1 8 
position 988801 bp - 989046 bp (UCSC human genome assembly, June 2002 
freeze). 

[36] PCR reactions for each sample were performed in triplicate and threshold 
cycle numbers were calculated using iCycler software v2.3 (Bio-Rad 
Laboratories, Hercules, CA). 

FISH 

[37] Formalin-fixed paraffin-embedded tissue array sections 4 urn in thickness were 
analyzed by FISH as previously described (26, 27). BAC clone RP1 1-806L2 
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(located on chromosome 18 position 0.8-1.0 Mb from the telomere) and RP1 1- 
151D1 1 (located on chromosome 18 position 13.0-13.2 Mb from the telomere) 
were obtained from Bacpac Resources (Children's Hospital Oakland, CA) and 
used as probes for the TYMS gene and a reference region on chromosome 1 8, 
respectively. RP1 1-806L2 and RP1 1-151D1 1 were labeled by nick translation 
with biotin-dUTP and digoxigenin-dUTP, respectively. To detect biotin- 
labeled and digoxigenin-labeled signals, slides were first incubated with FITC- 
avidin (Vector, Burlingame, CA) and an anti-digoxigenin mouse antibody 
(Roche, Indianapolis, IN). The slides were subsequently incubated with a 
biotinylated anti-avidin antibody (Vector, Burlingame, CA) and TRITC- 
conjugated rabbit anti-mouse antibody (Sigma, St. Louis, MO), then finally 
incubated with FITC-avidin and TRITC-conjugated goat anti-rabbit antibody 
(Sigma). Slides were counterstained with 4',6'-diamidino-2-phenylindole 
stain (DAPI) (Sigma, Burlingame, CA). 

[38] FISH signals were evaluated with a Nikon fluorescence microscope E800 by 
two individuals who were blinded to the treatment history of each patient. 
Separate narrow band pass filters were used for the detection of TRITC, FITC, 
and DAPI signals. Using 40X objective lens, approximately one hundred 
tumor cells were examined for each specimen and the number of fluorescent 
signals within tumor cells from the TYMS gene BAC probe and chromosome 
1 8 reference BAC probe were recorded. Amplification of the TYMS gene was 
defined as a ratio of TYMS BAC probe signals to chromosome 18 reference 
BAC probe signals 2:1 or greater. 

Statistical Analysis 

[39] Overall survival was calculated from the date of the surgical excision of the 
metastasis to the date of death or last follow-up and computed by Kaplan- 
Meier method. Data were censored when patients were lost to follow-up. 
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EXAMPLE 2~Digital karyotyping of colorectal cancer metastases 

[40] DK was used to evaluate genomic DNA from liver metastases of four different 
colorectal cancer patients that had previously received 5-FU based adjuvant 
chemotherapy (FU-M1-4). As controls, two liver metastases from colorectal 
cancer patients that had not previously received 5-FU (Ml -2) were also 
analyzed. In each case, tumor epithelial cells were immunopurified from the 
metastases using antibody-conjugated magnetic beads (25). This purification 
was useful to obtain DNA templates that were free of significant 
contamination from non-neoplastic cells within the metastatic lesions. 

[41] A total of -200,000 genomic tags were obtained from each sample, permitting 
analysis of loci spaced at an average distance of -30 kb throughout the 
genome. Computation of genomic tag densities identified distinct sub- 
chromosomal regions of amplification and deletion on several chromosomes. 
All of the alterations occurred in individual tumors with the exception of a 
region of amplification on chromosome 18. This amplification, located at 
18pl 1.32, was observed in two of the four 5-FU resistant metastases (FU-M2 
and FU-M4), but not in the two metastases from untreated patients, suggesting 
that this region could be related to 5-FU resistance. 

[42] In tumor FU-M2, two separate but closely spaced amplicons were identified at 
18pll.32, while a single continuous amplicon was found in tumor FU-M4 in 
the same region. Detailed analyses of these amplicons showed two common 
regions of amplification, one 0.92 -1.06 Mb from the telomere and the other 
1.66-1.92 Mb from the telomere (Fig. 1). Examination of genome databases 
identified two genes that were completely contained within the first region, 
TYMS and the HSRTSp gene (rTS), while no known or predicted genes were 
present in the second. Amplification of TYMS was of particular interest 
because (i) the region containing this gene had a higher tag density within the 
overlapping amplicons; (ii) TYMS expression has been correlated with 5-FU 
resistance in some studies (10, 11), and (iii) TYMS amplification has been 
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documented to develop in cancer cell lines that became resistant to 5-FU after 
exposure to this drug in vitro (28, 29). Quantitative. PCR analyses of genomic 
DNA using primers specific to the TYMS locus confirmed that TYMS was 
amplified to levels of 10 and 6 gene copies per diploid genome in FU-M2 and 
FU-M4, respectively (Fig. 2). 

EXAMPLE 3--FISH analysis of TYMS amplification 

[43] To further evaluate the role of TYMS in 5-FU resistance, we analyzed TYMS 
gene copy number using dual-color fluorescence in situ hybridization (FISH). 
A total of 89 colorectal cancers embedded in tissue microarrays were assessed. 
These comprised 53 metastases derived from liver, lung and brain tissues, 
including the four metastases originally analyzed by DK, and 36 primary 
colorectal cancers. Thirty one of the analyzed lesions were from patients that 
had received 5-FU therapy prior to tumor resection. Biotinylated DNA from a 
bacterial artificial chromosome (BAC) containing the TYMS gene was used as 
probe and sections were co-hybridized with digoxigenin-labeled DNA from a 
BAC containing sequences from 18pl 1.21, 12 Mb closer to the centromere. 
Two probes from the same chromosome are necessary to distinguish 
chromosome duplications from true amplification events, the latter involving 
relatively small amplicons (30). Using FISH, multiple copies of the TYMS 
gene were detected in interphase nuclei in seven lesions, including the two 
metastases previously detected by DK (Table 1, example in Fig. 3 A and 3C). 
All seven lesions were derived from patients who had been treated with 5-FU: 
six were metastatic lesions of patients who had previously been treated with 5- 
FU based therapy, while one was a primary colorectal cancer from a Familial 
Adenomatous Polyposis (FAP) patient who had been treated with 5-FU prior 
to colectomy. In contrast, none of the 58 cancers from patients that had not 
been treated with 5-FU showed increased copies of the TYMS gene (Table 1, 
p<0.001, Chi-squared test). To examine the temporal relationship between 
TYMS amplification and 5-FU treatment, we analyzed a primary colorectal 
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cancer from a patient that later developed metastases with TYMS 
amplification. This primary cancer was removed prior to the initiation of 5-FU 
therapy and did not contain amplified TYMS genes when studied by FISH. 
Similarly, TYMS amplification in the FAP patient was only present in the 
resected cancer and was not observed in adenoma tissue obtained prior to 5- 
FU treatment (Fig. 3B). This observation demonstrates that detectable TYMS 
amplification occurred only after administration of 5-FU in these patients. 



Table 1. Prevalence of TYMS amplification in 
colorectal cancers 



TYMS Status 


Prior treatment 
5-FU No 5-FU 


Total 


Amplified 


7 


0 


7 


Not amplified 


24 


58 


82 


Total 


31 


58 


89 



EXAMPLE 4-TYMS amplification and survival 

[44] The results described above show that TYMS amplification is exclusively 
found in cancer lesions of patients who had been treated with 5-FU. These 
data are consistent with the idea that the exposure to 5-FU had selected for 
cells with amplified TYMS genes, and that such cells would be resistant to 5- 
FU treatment. A corollary of this idea is that such patients would fare worse 
than those without TYMS amplification, as post-surgical therapy of patients 
with metastatic cancers often involves retreatment with 5-FU plus other agents 
(see Introduction). To evaluate this possibility, we compared the survival of 
patients with metastatic lesions that had previously been treated with 5-FU, 
segregated according to TYMS amplification status. Although the average 
age, stage at initial diagnosis, and metastasis size and location were similar 
between patients with and without increased TYMS gene copies, the median 
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overall survival following surgical removal of metastases among patients with 
TYMS gene amplification was 329 days, as compared with 1021 days for 
patients without TYMS amplification (Table 2, p<0.01, t-Test). Using a 
proportional hazard model, patients with TYMS amplification showed relative 
risk of death that was 3.5 fold higher (relative risk 1.06 - 11.4, 95% 
confidence interval, p<0.05) than patients without TYMS amplification. 
These differences were also significant in Kaplan-Meier analyses (Fig. 4). In 
particular, this analysis showed that no patient with TYMS amplification has 
survived longer than two years while over a quarter of the patients without 
TYMS amplification survived over 4 years (Fig. 4, p<0.01 Logrank test). 
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WE CLAIM: 



1 . A method for categorizing patients who have been treated with 5-FU, comprising: 

determining a copy number of a gene encoding thymidylate synthase in tumor 
tissue of a patient who has been treated with 5-FU; 

assigning the patient to a first category if the patient has a hyperdiploid copy 
number relative to one or more other genes located on chromosome 18, and assigning 
the patient to a second category if the patient does not have a hyperdiploid copy 
number relative to one or more other genes located on chromosome 18. 

2. The method of claim 1 wherein the tumor tissue is metastatic tumor tissue. 

3. The method of claim 1 wherein a hyperdiploid number is assigned if the gene 
encoding thymidylate synthase has an increased copy number relative to one or more 
other genes on chromosome 1 8p. 

4. The method of claim 1 further comprising recommending that a patient assigned to 
the first category not be treated with 5-FU 

5. The method of claim 1 further comprising recommending that a patient assigned to 
the second category be treated with 5-FU. 

6. The method of claim 1 further comprising: 

predicting a reduced life expectancy for a patient assigned to the first category 
relative to patients in the second category. 

7. The method of claim 1 further comprising: 
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predicting a longer life expectancy for a patient assigned to the second category 
relative to patients in the first category. 

8. The method of claim 1 wherein the copy number is determined in tumor epithelial 
cells of the metastatic tumor tissue. 

9. The method of claim 8 wherein the tumor epithelial cells are immunopurified. 

10. The method of claim 1 wherein the copy number is determined by digital karyotyping. 

11. The method of claim 1 wherein the copy number is >3 per diploid genome. 

12. The method of claim 1 wherein the copy number is determined by fluorescence in in 
situ hybridization. 

13. The method of claim 1 wherein the patient had a primary colorectal tumor. 

14. The method of claim 1 wherein the tumor tissue is from a lung metastasis. 

15. The method of claim 1 wherein the tumor tissue is from a liver metastasis. 

16. A method of screening agents for ability to treat 5-FU resistant tumors comprising: 

contacting a test agent with (1) first human cells having a hyperdiploid copy 
number of thymidylate synthase gene relative to one or more other genes located on 
chromosome 18; and (2) second human cells having a diploid copy number of 
thymidylate synthase gene; 



23 



determining a parameter for each of the first and second human cells, said 
parameter selected from the group consisting of: apoptosis, growth rate, viability, and 
colony number; 

identifying the test agent as a candidate for treating 5-FU resistant tumors if the 
agent preferentially increases apoptosis or decreases growth rate, viability, or colony 
number in the first human cells relative to the second human cells. 

17. The method of claim 16 wherein the first and second human cells are tumor cells. 

18. The method of claim 16 wherein the first and second human cells are from the same 
patient. 

19. A method of assessing agents for ability to treat 5-FU resistant tumors comprising: 

contacting a test agent with (1) a first population of humans having a tumor with 
a hyperdiploid copy number of thymidylate synthase gene relative to one or more 
other genes located on chromosome 18; and (2) a second population of humans 
having a tumor with a diploid copy number of thymidylate synthase gene; 

determining a parameter for each of the first and second populations, said 
parameter selected from the group consisting of: tumor regression, tumor marker 
decrease, and clinical condition; 

identifying the test agent as a candidate for treating 5-FU resistant tumors if the 
agent preferentially or equally increases tumor regression, tumor marker decrease, or 
improves clinical condition in the first human population relative to the second 
human population. 

20. The method of claim 19 wherein the tumor is a metastatic tumor. 
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THYMIDYLATE SYNTHASE GENE AND METASTASIS 

ABSTRACT 

Thymidylate synthase (TYMS) gene amplification was observed in 23% of 31 5-FU resistant 
liver metastases, while no amplification was observed in metastases of patients that had not been 
treated with 5-FU. Patients with metastases containing TYMS amplification had a substantially 
shorter median survival (329 days) than those without amplification (1021 days, p<0.01). 
Genetic amplification of TYMS has important implications for the management of colorectal 
cancer patients with recurrent disease. 
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<110> Wang, Tian-Li 
Diaz, Luis 
Lengauer, Christoph 
Velculescu, Victor 
Kinzler, Kenneth 
Vogelstein, Bert 

<120> THYMIDYLATE SYNTHASE GENE AND METASTASIS 



<130> 001107.00394 
<160> 2 

<170> FastSEQ for Windows Version 4.0 

<210> 1 
<211> 23 
<212> DNA 

<213> Homo sapiens 
<400> 1 

ttttcgaaga atcctgagct ttg 

<210> 2 
<211> 23 
<212> DNA 

<213> Homo sapiens 
<400> 2 

cactctcgat ctgtgcaaga gaa 
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City of mailing address:: Bel Air 

State or Province of mailing address:: MD 

Country of mailing address:: US 



Postal or Zip Code of mailing address:: 21015 



Applicant Authority Type:: Inventor 

Primary Citizenship Country:: US 

Status:: Full Capacity 

Given Name:: Bert 
Middle Name:: 

Family Name:: Vogelstein 
Name Suffix:: 

City of Residence: : Baltimore 
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State or Province of Residence:: 
Country of Residence:: 
Street of mailing address- 
City of mailing address:: 
State or Province of mailing address:: 
Country of mailing address- 
Postal or Zip Code of mailing address- 
Correspondence Information 
Correspondence Customer Number:: 

Representative Information 

Representative Customer Number: : 

Domestic Priority Information 



MD 
US 

3700 Breton Way 

Baltimore 

MD 

US 

21208 



22907 



22907 



Application:: 


Continuity Type- 


Parent Application: : 


Parent Filing Date:: 


This Application 


Non-Provisional of 


60/541,942 


02/06/2004 


Foreign Priority Information 


Country:: 


Application number:: 


Filing Date- 


Priority Claimed:: 











Assignee Information 

Assignee name:: 
Street of mailing address- 
City of mailing address- 
State or Province of mailing address:: 
Country of mailing address:: 
Postal or Zip Code of mailing address:: 



The Johns Hopkins University 
3400 N. Charles Street 

Baltimore 
Maryland 

21218 
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